A highly sensitive biophotonic tool was developed that performs real-time detection of scarce H 2 O 2 concentrations down to the subnanomolar range. The detection method is based on the dark-field spectroscopic analysis of cytochrome c (cytc c) embedded into a matrix (polystyrene beads, porous membranes) that exhibits a high scattering cross-section. Therefore, the incoming light undergoes multiscattering 1 in the matrix sheltering cyt c -i.e. an increase of the optical trajectory-which leads to an improved signal-to-background ratio of the cyt c spectrum recorded. Then, the analysis of the absorption peak at 550 nm and its conversion into a normalized redox state coefficient provides a sensitive indication of cyt c oxidation state and consequently its oxidation rate in the presence of H 2 O 2 . A limit-of-detection at the subnanomolar range was achieved using this H 2 O 2 sensing principle. Moreover the device was able to sense the dynamics of H 2 O 2 extracellular release by human cells exposed to oxidative-stress inducers.
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Summary
A highly sensitive biophotonic tool was developed that performs real-time detection of scarce H 2 O 2 concentrations down to the subnanomolar range. The detection method is based on the dark-field spectroscopic analysis of cytochrome c (cytc c) embedded into a matrix (polystyrene beads, porous membranes) that exhibits a high scattering cross-section. Therefore, the incoming light undergoes multiscattering 1 in the matrix sheltering cyt c -i.e. an increase of the optical trajectory-which leads to an improved signal-to-background ratio of the cyt c spectrum recorded. Then, the analysis of the absorption peak at 550 nm and its conversion into a normalized redox state coefficient provides a sensitive indication of cyt c oxidation state and consequently its oxidation rate in the presence of H 2 O 2 . A limit-of-detection at the subnanomolar range was achieved using this H 2 O 2 sensing principle. Moreover the device was able to sense the dynamics of H 2 O 2 extracellular release by human cells exposed to oxidative-stress inducers.
Motivation and results
Hydrogen peroxide is known to play a multifaceted role in cell physiology mechanisms involving oxidative stress and intracellular signal transduction. Therefore, the development of analytical tools providing information on the dynamics of H 2 O 2 generation remains of utmost importance to achieve further insight in the complex physiological processes of living cells and their response to environmental stress. 2 A series of detection tools based on surface enhanced raman spectroscopy, spin-trapping electron spin resonance or electrochemical techniques have been developed that allow the detection of (bio)chemical targets in individual living cells. Moreover, standard end-point assays based on membrane-permeable dyes are commonly used to detect intracellular H 2 O 2 .
Here, we present a highly sensitive biophotonic tool that enables sensing subnanomolar concentrations of H 2 O 2 via the monitoring of the redox state coefficient, , of a tiny amount of cyt c embedded into a highly scattering and porous matrix made of polystyrene (PS) beads aggregate. The multiscattering taking place inside the matrix leads to a lengthening of the optical pathway and thus an amplification of the absorption signal of cyt c in comparison to the standard conditions with cyt c in solution (Fig. 1) .
Fig. 1:
Comparative absorption signal (I 0 -I) obtained for cyt c either in solution (standard conditions) or embedded into a PS beads matrix (multiscattering conditions). In the latter configuration, a dramatic amplification of the cyt c absorption signal is observed thanks to the optical pathway (yellow arrows) lengthening through the highly scattering matrix. The signal amplification is the core of the biosensing tool here developed. Moreover, depending on its oxidation state cyt c exhibits different absorption properties which can be used for the detection of H 2 O 2 , namely, a broad absorption peak at = 530 nm and narrower peaks at = 520 and = 550 nm. 3 The redox catalytic activity of cyt c, the pseudo-peroxidase behavior, in which the ferrous Fe II heme group is oxidized into FeI II leading to H 2 O 2 reduction into water, provides the spectroscopic information exploited here (Fig. 2C) . Using an optical set-up in dark-field configuration ( Fig. 2A) , the temporal evolution of the oxidation state of cyt c is recorded, providing the dynamic measurement of H 2 O 2 generation.
Fig. 2:
A) Schematic drawing of the experimental setup that relies on an inverted microscope setup in dark-field configuration connected to a monochromator and CCD camera. B) A thermostated slide holder defines the sensing chamber containing on one side the layer of cells to be analyzed and on the other the sensing region composed of a porous matrix of polystyrene beads containing cyt c. C) Reduced and oxidised cyt c exhibit different absorption spectra corresponding to the red and blue line, respectively. With increasing oxidation of reduced cyt c the magnitude of the strong absorption peak at = 550 nm decreases and indicates, therefore, the average oxidation state of the cyt c present in the PS aggregate. On the other hand the magnitudes at 1 and 2 are not affected by a change of the oxidation state and can be used as reference wavelength for determination of an oxidation state coefficient .
The improved analytical behavior of the biophotonic sensor is visible in the calibration curve in Fig. 3. A) where the calculated redox coefficient , calculated from raw spectrum data via data treatment, decreases with H 2 O 2 concentration over a dynamic range from 10 pM to 1 μM. The calculation of the limit-of-detection (LOD), defined as 3-folds the deviation of the blank, is below 100 pM of H 2 O 2 which is, to the best of our knowledge, the lowest LOD ever reported for biosensor tools and at least one order of magnitude lower than values described in the literature. 4, 5 Furthermore, the biosensor performed in real-time the detection of H 2 O 2 produced by human promyelocytic leukemia cells (HL-60) exposed to lipopolysaccaride (LPS) extracted from Salmonella typhosa (Sigma) that elicits strong immune-response. As shown in Fig. 3B ) the time-evolution of the redox state coefficient calculated from measured raw spectra clearly indicate that the injection of 1 μg mL -1 and 10 ng mL -1 of LPS in the cell suspension induces the generation and release of H 2 O 2 within respectively 30 and 90 min.
In conclusion, a highly sensitive biophotonic tool was developed that performs real-time detection of H 2 O 2 at the subnanomolar level. Dark-field spectroscopy of cyt c combined with a substrate exhibiting a high scattering cross-section leads to an enhancement of the information on the cyt c oxidation state, and, thus, on its oxidation by H 2 O 2 molecules. The device was able to sense the dynamics of H 2 O 2 extracellular release in human leukemic cells as a response to various concentrations of bacterial components. This biosensing tool is currently being implemented to the real-time detection of superoxide anions and such multianalyte and dynamic informations might bring new insights to understand complex cellular pathways involved in oxidative-stress-related diseases and cytotoxic responses. Time, min
